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Abstract 
The charge imbalance in Lithium battery packs is an important 
problem to deal with in the design of an energy storage system. 
The main imbalance sources are different series resistances and 
self-discharge rates of the cells constituting the battery, but also 
different working environments. This work is part of a larger 
project the purpose of which is to realize an energy storage system 
for electric off-road vehicles. The main aim of this thesis is to deal 
with the charge imbalance problem of a battery pack. First a 
battery characterization with a detailed study of Lithium-iron-
phosphate cells has been carried out. Then the main functions of a 
Battery Management System have been developed, implemented 
and tested on a module of 4 series connected cells to guarantee 
the optimum utilization of the pack. In particular an innovative 
method for estimating capacities of series connected LiFePO4 
batteries based on charging characteristics has been proposed. 
The method brings to an effective approach to the imbalance 
problem and to an accurate individual cell state of charge 
estimation. A new definition of balanced battery and a new 
balancing method are proposed. Their aim is to keep the battery 
as far from an imbalance situation as possible. Finally, the 
strategies to balance the cells of a battery module and to balance 
modules each other are studied and characterized, to find the best 
algorithm. The complete system has been integrated and tested 
on a 4 batteries module BMS. 
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1 Introduction to “Lithium-ion batteries” 
During last decades the main progress in rechargeable batteries 
technology has been achieved with the introduction of the lithium 
metal. The reason why technology moved towards a lithium 
solution is that it guarantees high performances because of its 
chemical and physical characteristics: 
 It is the lightest metal; 
 It has a high specific energy; 
 It has a high power density; 
 Is environmental friendly. 
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First lithium batteries have been developed using lithium as 
anode and a material containing lithium ions as cathode [1, 2], so 
that the electric current was the result of lithium transportation 
(during charge ions flow from cathode to anode, during discharge 
on the opposite direction). The metallic lithium anode was the 
reason of several safety problems as during recharge cycles used 
to create some dendrites which could lead to damage the 
separator and consequently to a short circuit. A short could cause 
reaching the fusion point of lithium and then provoking a fire.  
“Lithium-ion batteries” were born as a solution to this problem: 
using a material containing lithium ions for both anode and 
cathode provided good safety properties, with the drawback of 
lower energy properties. 
 
Figure 1.1 – Structure of Lithium-ion batteries taken from ref [2]. 
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 Li-ion batteries advantages 1.1
The wide success reached in many different applications varying 
from low energy applications (such as mobiles, smartphones, 
laptops or cameras) to high-power applications (as the automotive 
sphere), is determined by lithium batteries attributes:  
 high specific power, specific energy and energy density;  
 higher nominal voltage comparing to nickel batteries (a 
single cell could directly supply general electronic circuits); 
 high load current (up to 20 C); 
 small loss current and self-discharge rate (less than 5% per 
month against 30% per month in nickel batteries). 
Table 1.1 shows a comparison between Li-ion batteries and Nickel 
based batteries, based on the references [1,2]: 
 Lithium-ion Nickel batteries 
Specific energy 100–265 W·h/kg 40–60 W·h/kg 
Energy density 250–730 W·h/L 50–150 W·h/L 
Specific power ~250-~340 W/kg 150 W/kg 
Energy/consumer-price 2.5 W·h/US$  
Self-discharge rate 1.5-2%/month 10-30%/month 
Cycle durability 400–1200 cycles 2,000 cycles 
Nominal voltage NMC 3.6/3.7V, LiFePO4 3.2 V 1.2 V 
Table 1.1 – Lithium-ion vs Nickel batteries characteristics [1,2]. 
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 Drawbacks of Li-ion batteries 1.2
The main drawback of Li-ion batteries is that they are very 
sensitive (comparing to other technologies) to their working 
condition and they need their voltage and temperature to be 
checked continuously to prevent operating outside each cell “Safe 
Operating Area” (SOA). Exceeding the SOA limits could lead to an 
internal damage, which may cause the battery to burn or even 
explode. Practically it is needed some accurate hardware to 
control their operating condition.  
What does exactly SOA mean? According to [4] and [5] the 
operating limits of a battery are determined by their lower and 
upper voltage limits and by the working temperature limits.  
 Prolonged charge above the upper voltage limit [5] forms 
plating of metallic lithium on the anode, and oxidizes the 
cathode which loses stability. The cell pressure rises until 
current is disconnected. Should it not happen, a safety 
membrane bursts and the cell might vent with flames.  
 Over-discharging Lithium-ion below 1.5V for more than a 
week [5] is definitely damaging for them: copper shunts 
may form inside the cells that can lead to a short. If 
recharged, the cells might become unstable, causing 
excessive heat or showing other anomalies. 
 Charging lithium-ion batteries below 0°C [4] will lead the 
metallic lithium to deposit on the carbon negative electrode 
surface therefore reduce the batteries cycle life. At an 
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extremely low temperature, the cathodes could break down, 
and result in short circuit. 
 Exceeding the higher temperature limit [4] leads to the 
separator damage and the lithium to react with the 
electrolyte. 
The next table summarizes the main advantages and 
disadvantages of Li-ion batteries (comparing to nickel based 
batteries): 
Advantages High energy density. 
Relatively low self-discharge, less than half that of NiCd and NiMH. 
Low maintenance. No periodic discharge is needed; no memory. 
Limitations Requires protection circuit to limit voltage and current. 
Subject to aging, even if not in use (aging occurs with all batteries and 
modern Li-ion systems have a similar life span to other chemistries) 
Transportation regulations when shipping in larger quantities 
Table 1.2 – A sum up of advantages and limitations of Lithium-ion batteries [2]. 
 Types of Li-ion batteries 1.3
The wide range of applications has lead batteries manufacturers 
to provide a wide variety of batteries [3]. Table 1.3 shows a short 
sum up of the most common Li-ion battery types, with their 
characteristics and field of application. 
Specifications 
Lithium Cobalt 
Oxide 
LiCoO2 (LCO) 
Lithium 
Manganese Oxide  
LiMn2O4 (LMO) 
Lithium 
Iron Phosphate 
LiFePO4 (LFP) 
Lithium Nickel 
Manganese Cobalt 
oxide 
LiNiMnCoO2 (NMC) 
Voltage 3.60V 3.80V 3.30V 3.60/3.70V 
Charge limit 4.20V 4.20V 3.60V 4.20V 
1 Introduction to “Lithium-ion batteries” 
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Cycle life 500–1000 500–1000 1000–2000 1000–2000 
Operating temperature Average Average Good Good 
Specific energy 150–190Wh/kg 100–135Wh/kg 90–120Wh/kg 140-180Wh/kg 
Load (C-Rate) 1C 10C, 40C pulse 35C continuous 10C 
Safety 
Average. Requires protection circuit and cell 
balancing of multi cell pack. Requirements 
for small formats with 1 or 2 cells can be 
relaxed 
Very safe, needs cell 
balancing and V 
protection. 
Safer than Li-cobalt. 
Needs cell balancing 
and protection. 
Thermal. Runaway 
150°C 
(302°F) 
250°C 
(482°F) 
270°C 
(518°F) 
210°C 
(410°F) 
Cost Raw material high 
Moli Energy, NEC, 
Hitachi, Samsung 
High High 
In use since 1994 1996 1999 2003 
Researchers, 
manufacturers 
Sony, Sanyo, GS 
Yuasa, LG Chem 
Samsung Hitachi, 
Toshiba 
Hitachi, Samsung, 
Sanyo, GS Yuasa, LG 
Chem, Toshiba 
Moli Energy, NEC 
A123, Valence, GS 
Yuasa, BYD, 
JCI/Saft, Lishen 
Sony, Sanyo, LG 
Chem, GS Yuasa, 
Hitachi Samsung 
Notes 
Very high specific 
energy, limited 
power; cell phones, 
laptops 
High power, good to 
high specific energy; 
power tools, medical, 
EVs 
High power, average 
specific energy, safest 
lithium-based battery 
Very high specific 
energy, high power; 
tools, medical, EVs 
Table 1.3 – Types of Lithium-ion batteries [3]. 
 
 Lithium Iron Phosphate (LiFePO4) and automotive applications 1.3.1
In 1996 [3] phosphate has been discovered as cathode material. 
Li-phosphate batteries offer good electrochemical performance 
and a low series resistance. The key benefits are enhanced safety, 
good thermal stability, tolerant to abuse, high current rating and 
long cycle life (characteristics which naturally match with an 
automotive application). As trade-off, the lower voltage of 3.3V per 
cell reduces the specific energy. In addition, their performances 
worsen with cold temperatures, and elevated storage temperature 
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shortens the service life. Figure 1.2 summarizes the attributes of 
Li-phosphate batteries. 
 
Figure 1.2 – LiFePO4 performances [7] 
As shown in ref [4], the LFP technology does not find still the 
necessary space in commercial EV, probably because of their 
difficult characterization and low specific energy comparing to 
other batteries (Table 1.4). 
Vehicle Battery supplier Positive 
electrode 
Negative 
electrode 
Nissan Leaf Automotive Energy 
Supply (Nissan NEC JV) 
LMO C 
Chevrolet Volt Compact Power 
(subsidiary of LG Chem) 
LMO C 
Renault 
Fluence 
Automotive Energy 
Supply (Nissan NEC JV) 
LMO C 
Tesla Roadster  NCA C 
Tesla Model S Panasonic Energy Nickel-type  
BYD E6 BYD LFP C 
Subaru E6 Subaru LVP C 
Honda Fit Toshiba Corporation NCM LTO 
Table 1.4 – State of art of EV. 
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But as “Boston Consulting Group” refers in a document [7], LFP 
technology has been the focus of at least twice as much patent 
activity in the automotive area as other technologies, most likely 
because of LFP’s promising safety characteristics, higher usable 
capacity and higher load current. 
The work presented in this thesis is part of a larger project 
[8,9,10], which consists in designing an off-road automotive 
energy storage system based on LiFePO4 batteries. The cells 
provided in this work are produced by the Chinese company 
‘Hipower Energy Group’. Next are shown main specifics of a 30 Ah 
cell, which is the sorted one for the developed energy storage 
system. 
Tab. 1 – Main characteristics of the 30Ah cell.  
Parameter Value 
Nominal Voltage [V]  3.2 
Nominal capacity [Ah]  30 
Dimensions (L x W x H) [mm]  103 x 58 x 168 
Weight [kg]  1.15 
Energy density [Wh/l]  96 
Densità di energia [Wh/dm3]  95 
Specific energy [Wh/kg]  83 
Specific power [W/Kg] 417 @ 15 sec 
Discharge temperature range  -20 ÷ +65°C 
Charge temperature range  0 ÷ +45°C 
Discharge @ +23°C 
 
Maximum continuous current [A]  90  
Peak @ 60 sec [A]  150 
Cut-off [V]  2.5  
1 Introduction to “Lithium-ion batteries” 
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Charge @ +23°C  
Charge methode CC/CV (3.65V)  
Maximum continuous current [A] 30  
Cut-off [V]  3.85  
Table 1.5 – 30 Ah HP-PW-30AH characteristics extracted by their datasheet [11]. 
In the 3rd chapter of this book a detailed characterization of these 
batteries will be presented. 
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2 BMS and imbalance problem 
As shown in the previous chapter, Li-ion batteries need a circuit 
to control their operating conditions (they must not exceed the 
SOA limits). This is done by the “Battery Management System”. 
There is still no consensus on the final definition of BMS and on 
what it must exactly do (as it must attend several functions, not 
just ensure to respect the SOA limits), but according to [9] a BMS 
could be considered as a system that: 
2 BMS features and objective 
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 manages the batteries to operate in a safety condition with a 
good response of performances and functionality (protection 
and life extension); 
 provides an estimation of the battery state (state of charge, 
state of health); 
 Provides an interface layer between batteries and a user or an 
external system (logging, communication and diagnostic). 
 
 
Figure 2.1 – BMS and its main tasks fields. 
 
Lu et al. [4] provided a detailed list of tasks a BMS should attend 
to: 
1. Battery parameters detection (voltages, currents and 
temperatures). 
2. Estimation of battery states (SoC and SoH), to better estimate 
the driving range and battery lifetime. 
3. On-board diagnosis to identify sensors, actuators and 
networking faults. 
BMS 
Protection 
and Lifetime 
extension 
System 
integration 
Battery state 
estimation 
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4. Battery safety control and alarm, to inform external systems 
when faults are diagnosed; 
5. Charge control, depending on batteries and their 
characteristic; 
6. Battery equalization (equalize the charge between different 
cells of the same pack); 
7. Thermal management (cooling system); 
8. Networking; 
9. Information storage. 
The next diagram shows a BMS with its main subsystems 
(physical scheme) which perform the listed functions: 
 
Figure 2.2 – BMS and its physical subsystems.  
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safety control 
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interface module 
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 Imbalance problem and its sources 2.1
Why is the balancing system important in a battery pack? 
Mismatch in internal impedance and self-discharge rate, 
management and protection circuits (which drain charge 
unequally from the different battery modules) and different 
temperatures across the pack (different self-discharge rates of the 
cells) lead to the cells to discharge differently even if they are 
serially connected and the load is the same for all cells. Without 
any balancing system the voltages will drift apart over time, the 
capacity of the pack decreases and then fail the battery system. 
The next graphs give a representation of the batteries as charge 
tanks in a balanced and imbalanced state.  
            
Figure 2.3 – Balanced and unbalanced situation. 
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 Short introduction to the developing BMS and the 2.2
balancing system  
As already said, the work proposed in this dissertation is based on 
a larger design of an automotive energy storage system. Here is 
presented the previous work through a short resume [8-10].   
The previously developed hardware substrate includes all the 
necessary features to develop, integrate, simulate and test the 
main functions of a battery management system. 
The battery system has a modular structure. Each module is 
made up of 4 series cells and provides the necessary management 
circuitry (module management unit: MMU). A battery can be 
composed by more modules serially connected; in this case one 
module represents the master and others the slaves (figure 2.3). 
 
 
Figure 2.4 – Scheme of the battery pack [12]. 
 
The final system provides 2 balancing stages, one within a module 
(intra-module balancing), and one another between different 
modules using the balancing bus (inter-module balancing).  
MMU 
(Master) 
MMU 
(Slave1) 
MMU 
(Slave2) 
MMU 
(Slave3) 
                 
+ - 
Balancing bus 
Isolated CAN 
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The balancing is performed through an isolated DC-DC, which 
takes as input a module voltage and gives as output a ‘constant’ 
current to deliver the balancing charge. The intra-module 
balancing is realized addressing this balancing charge, through 
the switch matrix, to a target cell of the same module (pack-to-cell 
balancing). The inter-module balancing is realized basing on the 
same system, but addressing the balancing charge to an upper or 
a lower module through the circular bus (circular bus balancing).  
 
Figure 2.5 – Scheme of the balancing system [12]. 
  
Both these balancing methods will be accurately studied in the 
chapter 6. 
The scheme shown next represents the module BMS (MMU) used 
in this work to test the developed functions. 
DC/DC 
Switch 
Matrix 
+ 
- 
to upper module 
to lower module 
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Figure 2.6 – Scheme of the MMU used as testing unit. 
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3 Batteries characterization 
A detailed battery cells characterization represents an important 
part of this work, as their behavior strongly influences the choice 
of the developed method to estimate parameters, state and 
battery pack imbalance. 
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 Maximum Capacity 3.1
The main battery cell parameter is its own capacity (Qmax, the 
amount of storable charge), which is always provided by suppliers 
only as a nominal value in ampere hour. This value is obviously 
given to users as a reference but it probably differs from the real 
cell capacity, as batteries (the result of many manufacturing 
stages) cannot be identic. It is more coherent to say that the real 
capacity has statistic distribution near the nominal value, but 
suppliers do not provide specific information about it. 
Furthermore the real capacity could not be considered as an 
absolute parameter, as it strongly depends on the cell 
temperature and aging, as well as on the loading profile. In a 
battery management system knowing the real Qmax of a cell is 
worth to evaluate the state of health (SoH) and the state of charge 
(SoC). The main factors which influence the real capacity are:  
 Lower and upper voltage cut-off limits; 
 Charging and discharging current rates; 
 Battery’s health; 
 Working temperatures. 
Next a short analysis of the 4 factors affecting a cell capacity is 
presented. 
Usually [5] a charging procedure of a battery consists of 2 steps.  
The first one, during which ions flow continuously from cathode to 
anode and voltage rises until its upper limit, is performed with a 
constant current (CC). The second charging step is carried out 
with a constant voltage (equal to the upper cut-off limit) (CV) so 
3 Batteries characterization 
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that Li ions spread inside all available sites in the anode until 
current decreases till a defined value (expressed generally in C-
rate, 1 C is the current which is needed to charge the battery in 
one hour, if the battery nominal capacity is 30 Ah, 1 C is equal to 
30 A). The discharge also includes a constant voltage step to 
totally empty the cell and measure the maximum exploitable 
charge. Obviously different values of cut-off voltages and current 
rate limits lead to different values of the measured maximum 
charge. To check the capacity distribution within a module of 4 
series cells, discharge and charge have been executed for each cell 
independently, with a lower cut-off limit fixed at 2.8 V and an 
upper cut-off limit of 3.65 V. The load current has been set at C/10 
and the cut-off current rate fixed at C/100. 
 
Figure 3.1 – 4 Voltage vs Charge characteristics with I=C/10, the lower 
characteristics represent the discharging step (starting from an unknown 
point) and the upper the charging steps. 
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Cell 1 2 3 4 
Qmax[C] 105000 105500 90000 102500 
Table 3.1 – Extracted charging capacities (discharging charges are very closed 
to the charging ones).  
As appreciable in the table above, the real capacity has a wide 
distribution even if all cells have the same story. 
The maximum stored capacity strongly depends on the charging 
current [11-13]. A high charging current pushes lithium ions into 
the anode’s sites not uniformly, obstructing ions’ flow and rising, 
even if there is a high number of free sites, the series resistance 
and the voltage. Charge cycles have been executed at different C 
rates (1C, C/2, C/10) to check the dependence of Qmax from Icharge 
(Qmax has been evaluated at different charging currents, as 
discharging currents less than 1 C do not affect the exploitable 
charge). The result of this experiment on a cell is summed up in 
the next table: 
Icharge[A] 30 15 3 
Qmax[C] ≈95000 ≈99000 ≈102000 
Table 3.2 – Capacity of a cell with different charging current rates (no CV step). 
 
As shown in ref [14] lithium-ion cell capacities strongly vary 
during their life. Zhang et al. [15] analyzed LFP capacity 
variations due to the cell aging. Results show that after 300 cycles 
at 3 C rate the real capacity decreases till about 90% of its initial 
value and after 600 cycles at 75%. 
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Figure 3.2 - Cycling performance at 3 C rate between 3.6 V and 2.0 V at 50 ◦C: 
(a) cycling capacity versus cycle number; (b) charge–discharge loops. (Taken 
from ref. [15]). 
 
Temperature is another parameter which strongly affects Qmax 
[13,15]. In this work batteries have not been characterized in 
temperature even if during cold days their temperature 
dependence was evident. 
 
Figure 3.3 - Charge–discharge curves at 1C rate measured at different 
temperatures (Taken from ref. [15]). 
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 Charging optimization 3.1.1
Series connected cells cannot be charged with a constant voltage 
step, as the upper cut-off limit will be reached independently from 
each cell and the charger’s terminals do not match those of a cell. 
While charging the all pack with a low current rate (e.g. at a 
current of C/10) leads to an excessive charging time for a practical 
application (10 h), charging it with high current rates (1 C) 
without providing the constant voltage step leads to the batteries 
storing a low charge. Specific tests have been accomplished 
providing a fast charge at 1 C rate and further steps with lower 
current to both minimize the charging time and maximize the 
stored charge (pack runtime). Namely it consists in topping up the 
cell with many current sequences, separated by different time 
intervals. Below is shown the current profile of a test: 
 
Figure 3.4 – Current profile. Each charging routine provides a constant 
current step at 1 C (30 A) and a pulsed current step with variable values of 
current and relaxing time. 
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As summarized in the next table, the further stored charge (the 
one added after the CC step) depends mainly on the final current 
rate: 
Current profile [A] 
Relaxing 
time [s] 
Further 
stored 
charge [C] 
Further stored 
percentage (%) 
Total 
time [s] 
30, 16, 7, 5, 3, 1 0 7400 7 6400 
30, 15, 3 0 5500 5.2 4300 
30 to 3 step by 3, 1 600 8250 7.8 10300 
30, 22.5, 15, 7.5, 3 600 5700 5.4 6300 
30, 3 600 5000 4.7 5400 
30, 15, 5, 3, 1 3600 6700 6.3 20100 
30, 22.5, 15, 7.5, 3 3600 5900 5.6 18300 
30, 3 3600 4700 4.5 8200 
30 to 1 step by 1 (CV) 0 7900 7.5 5300 
Table 3.3 – Charge and time of the charging routines effectuated on cell 2. 
After each charging has been effectuated a total discharge at 1 C. The 
exploited charge is always the charging one, except in a single case. 
Whenever the final current step is 1 A (C/30) the added charge is 
about 7000-8000 C, while a current final step of 3 A (C/10) 
determines a charge improvement of about 5000 C. The best 
charging procedure seems to be the one which simulates the CV 
step (the charge improvement is about 8000 C while the total 
charging time is about 1 hour and half). 
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 Battery’s model and its parameters 3.2
According to the most used electric models [16-19] a battery can 
be represented as a voltage generator with a series resistance and 
a series of RC groups: 
 
Figure 3.5 – Equivalent circuit of lithium-ion batteries. 
 
 Open Circuit Voltage (OCV) 3.2.1
The OCV is the voltage measured with a null load current. It is 
considered the prior parameter to evaluate the state of charge 
(SoC) of a battery as it represents the performance of the cell 
electrochemical equilibrium state. As shown in [17,19,20], the 
OCV-SoC characteristic is unvaried from cell to cell (if they all 
have the same chemistry), as well as its variation due to the 
capacity variation (the battery health) is practically negligible. On 
the other hand an analysis of the OCV at different temperatures 
[11,21] led to the conclusion that it keeps its constant behavior 
above a temperature of about 15 °C, while for lower temperatures 
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its variation is not negligible. To extract the OCV of a cell, a 
battery has been discharged and charged by steps of 5% of SoC, 
alternated by relaxing pauses of 1 hour. 
 
Figure 3.6 – Voltage vs time graph obtained while extracting the OCV. 
A pause of an hour is enough in the central part of the 
characteristic to totally relax the battery, but it should grow 
consistently near the lower and upper SoC limits.  
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Figure 3.7 – Discharging and charging curves of the OCV characteristic. 
The extracted OCV-SoC characteristic has a typical behavior with 
3 flat parts, due to the three plateaus on the graphite anode at 
210, 120 and 85 mV (vs. Li+/Li) [18,23]. A specific LiFePO4 
characteristic, differently from other lithium ion batteries, 
consists in a large hysteresis gap (about 15 mV) [18,22,23]. 
 Series resistance Rs 3.2.2
The series resistance includes batteries internal effects as well as 
mechanical contacts and routing. The main internal effects are: 
 Ions flow through the organic solution; 
 Cathode and anode ions saturation.  
Any of these 3 effects can overcome the others depending on the 
current SoC. Namely at a low SoC the main contribute to the 
series resistance is the ions saturation in the cathode one, on the 
opposite at high SoC is the ions saturation on the anode. For 
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values of charge inside the flat part of the characteristic the main 
contribute to the series resistance is that of the ions flow through 
the organic solution. The series resistance is provided by 
manufacturers just as a nominal value. Specifically for the used 
LiFePO4, it is given an Rs value of 1.5 mΩ. The total Rs 
(considering also contacts and routing) has been extracted 
evaluating the direct voltage step measured as a result of a 
current step. 
 
Figure 3.8 – Cell 4 series resistance extrapolation (discharge and charge). 
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Figure 3.9 – Extracted series resistances for different cells during discharge 
steps. 
 
 RC groups 3.2.3
While the first RC parallel synthetizes the effects of fast voltage 
variations, the second one synthetizes those of slow voltage 
variations. It is not simple to divide which chemical effect has as 
result fast and slow voltage variations. Parameters have been 
extracted fitting the voltage relaxing curves. The fitting has been 
carried out through a two exponential function (2 RC 
components), as a first order exponential fitting does not match 
the behavior of the measured voltage. 
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Figure 3.10 – Parameters extrapolation. 
 
Figure 3.11 – Curves’ fitting. 
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Figure 3.12 – Cell2 parameters. 
 
Figure 3.13 – Cell4 parameters. 
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4 Qmax estimation 
Estimating Qmax in a pack of series-connected battery cells is not a 
simple problem to deal with. While charging current is the same 
for all the cells, SoCs are different because of unbalancing and 
real capacity spreading. Moreover, in a real application the fully 
discharged state is unlikely to be reached (by all the cells). Thus it 
is impossible to measure each cell’s capacity just integrating the 
load current. In this work, a method based on charge 
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characteristics has been developed to estimate all the cell 
capacities.  
 Hypothesis of uniform Vcharge-SoC characteristics 4.1
Analyzing charging characteristics, it was noticed that their 
initial and final parts are very similar (for all cells), while the 
central part has a different width, which could be considered 
proportional to the storable charge [23]. 
 
Figure 4.1 – Charging characteristics with 1C rate current. 
Converting the Vcharge-Q characteristics into Vcharge-SoC (the SoC 
is defined as the charge available in a cell rated to its total 
capacity, SoC=Q/Qmax) they get very similar to each other, except 
of a vertical shift due to different series resistances.  
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Figure 4.2 – Vcharge vs SoC curves without the vertical correction. 
This observation is supported by the battery chemical behavior. 
The charging voltage that differs from the OCV is defined over-
potential [24-26], which can be divided into 3 components: 
 activation over-potential (ηa); 
 concentration over-potential (ηc); 
 resistance over-potential; 
The battery current is expressed by the Butler-Volmer equation 
[24,44]: 
      {   [
    
  
  ]     [ 
    
  
  ]}   
where: 
 I: electrode current [A]; 
 A: electrode active area [m2]; 
 j0: exchange current density [A/m2] 
 T: absolute temperature [K]; 
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 n: number of electrons involved in the electrode reaction; 
 F: Faraday constant; 
 R: universal gas constant; 
 αc: so-called cathodic charge transfer coefficient; 
 αa: so-called anodic charge transfer coefficient;  
If temperature and current are the same for every cell (same 
environment and load conditions), and if the active area is 
supposed to be equal for batteries of the same production, and 
assuming the cathodic and anodic charge transfer coefficients (αa, 
αc) 0.5 as in most reactions, then the activation over-potential is 
the same for all cells.  
Considering the concentration over-potential: 
   
  
  
  (
  
  
)   
where: 
 CB is the bulk ions concentration; 
 CE is the electrode ions concentration;  
At a specified SoC the concentrations are very similar for different 
cells, so the concentration over-potential is assumed equal too [24-
26].  
Regarding the resistance over-potential, it is unlikely to be the 
same for all cells (as shown in [27], the main effect of the batteries 
aging seems to be the resistance variation), but it will be taken 
into consideration in the proposed method. 
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 Charging look-up table based method 4.2
Supposing we have 2 known SoC points a cell capacity is directly 
determined as shown in the next equation: 
      
(∫     
 
 
)
(   (      (   
 
  
    
  
At the beginning, as there is no information about each Qmax, the 
only 2 known points of the Vcharge-SoC characteristic are the lower 
cut-off (V2.9 V, SoC=0) and the higher cut-off (V=3.65 V, SoC=1) 
points. This method has been developed supposing that charge 
and discharge are stopped by the same cell (we consider a 
balanced situation; the same cell ranges from the lower to the 
higher cut-off). In a second moment it has been adapted to a 
general situation. Next is presented the development situation. 
 Charge and discharge stopped by the same cell 4.2.1
The Qmax value of a cell that completes a charging cycle is directly 
measured by means of current integration (red curve in the 
graph): 
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Figure 4.3 – Charging curves with a limited dynamic. 
The red curve normalized to the measured Qmax represents the 
Vcharge-SoC graph, which is used as a look up table to evaluate 
other cells’ initial and final SoCs, and consequently their 
maximum capacities (figure 4.4).  
 
Figure 4.4 – Vcharge-SoC look up table. 
SoC=0 
SoC=1 
Qmax 
SoCj(1) SoCj(2) 
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At the beginning, the nominal capacities (Qnom) are assumed as 
Qmax, then their value is updated through the next equation: 
      (       (    (       (  ); 
where: 
 i represents the cell that ranges from SoC=0 to SoC=1; 
 j represents any other cell; 
After estimating each capacity it is possible to create all the 
Vcharge-SoC graphs as shown: 
 
Figure 4.5 – Extrapolated Vcharge-SoC graphs. 
As appreciable in the graph, all curves have the same behavior 
apart from a vertical displacement. The vertical shift between 
charge characteristics is likely the resistance over-potential direct 
effect (or better the series resistances difference due to their 
natural mismatch and to different aging [27]). Equalizing the 
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voltage level at 50% of SoC, results in minimizing the series 
resistance mismatch effect on the capacity estimation. 
 
Figure 4.6 – Voltages equalization at a SoC of 50%. The absolute voltage 
mismatch is about 10 mV. 
 
Figure 4.7 –Vcharge-SoC curves after being equalized at SoC=0.5. 
SoC
2
 SoC
1
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After the voltage equalization step and updating SoCj(1) and 
SoCj(2), the capacity estimation error (Qmax=Q/SoC) decreases 
significantly as shown in the next table: 
Cell Qmax error without 
equalization (C),(%) 
Qmax error with voltage 
equalization (C),(%) 
1 1590   1.7% 683 0.72% 
2 5670 5.8% 2932 2.99% 
3 0 0% 0 0% 
4 1601 1.67% 911 0.95% 
Table 4.1 – An example of method error with and without voltage equalization 
(the cell 3 is the cell which undergoes a full charge).  
These steps (voltage equalization and Qmax update) have been 
iterated to extract a better estimation of the capacities. As shown 
in the next figure, each iteration decreases the estimation error.  
 
Figure 4.8 – Qmax estimation error during method’s iterations. 
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Applying the algorithm to a module of 4 cells, the final estimated 
Qmax-s, are very close to the real measured values: 
CELL Real Qmax [C] Evaluated Qmax [C] |Error| (%) 
1 94068 94840 0.82 % 
2 97278 96341 0.96 % 
3 83057 83057 0 % 
4 95486 95743 0.27 % 
Table 4.2 – An example of the proposed method’s result. 
Below is presented the flow diagram of an iteration step: 
 
Figure 4.9 – Flow diagram of the iteration step (n). 
To estimate the Qmax, it is not necessary to start from a low cut-off 
point (SoC=0) but just from a known SoC. In such case the final 
result of the method is close to the previous one: 
Equilize 
V(50%) 
Update Qmax 
|Qmax(n)-
Qmax(n+1)| 
<? 
Quit 
4 Qmax estimation 
41 
 
 
Figure 4.10 – Charging curves starting from an arbitrary point (Qmaxj(0) 
represents Qmax at the beginning of the method, Qnom). 
 
Figure 4.11 – Extracted Vcharge-SoC graphs starting from an arbitrary point. 
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Figure 4.12 – Voltage equalization step. 
As shown this example starts from an initial condition of about 20% of 
SoC. The next table sums up the result of the iterative method: 
CELL Real Qmax [C] Evaluated Qmax [C] |Error|(%) 
1 94068 94473 0.43 % 
2 97278 99925 2.72 % 
3 83057 83057 0 % 
4 95486 98003 2.6 % 
Table 4.3 – An example of the proposed method’s result starting from an 
arbitrary point.  
 Charge and discharge stopped by different cells 4.2.2
In the case that charge and discharge are not stopped by the same 
cell, Qmax can still be evaluated with a slightly different method: 
 The initial SoCs (SoCj(1)) are evaluated through a “lower SoC 
look-up table” (light blue curve in figure 4.13), based on the 
charging curve of the cell which stops discharge (the most 
discharged one); 
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 The final SoCs (SoCj(2)) are evaluated through a “upper SoC 
look-up table” (dark blue curve in figure 4.13), based on the 
cell which stops the charge, and which is automatically 
brought to a SoC=1 at the end of a charging routine; 
    ∫     
 
 
 is the same for all cells; 
      (      (      (         (         (        (     
where n represents the iteration; 
 Voltage equalization at SoC of 50%. 
Starting from Qmaxj(0)=Qnom (capacities equal to their nominal 
value) (if a previous capacity estimation has been carried out, the 
starting values are assumed the last estimated) and iterating 
these 5 steps, leads to a significantly good result in capacities 
estimation. 
 
Figure 4.13 – Charging LUTs of an imbalanced module. 
SoCj(2) 
Upper SoC LUT 
Lower SoC LUT 
SoCj(1) 
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Figure 4.14 – Vcharge-SoC characteristics after the iterated method. 
 
Figure 4.15 – Method error vs iteration step.  
CELL Real Qmax [C] Evaluated Qmax [C] |Error| (%) 
1 94068 94783 0.76 % 
2 97278 97387 0.11 % 
3 83057 83776 0.87 % 
4 95486 95299 0.2 % 
Table 4.4 – Result starting from a high imbalance situation. 
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As shown the result is still valid. However one can suppose, in a 
balanced condition, to have the same cell ranging from the lowest 
to the highest SoC, so even if it is not the starting situation it 
could be imagined as a steady state situation.  
In conclusion a complete analysis of this method has been 
effectuated on a batch of 4 measured Vcharge-SoC characteristics. 
All Vcharge-SoC characteristics have been shifted independently by 
a random SoCj(1) value (simulating an arbitrary cell imbalance 
situation) then the method as presented above has been applied to 
estimate Qmax j. This simulation has been carried out 10000 times 
with a normal distribution of the SoC shift with a mean value of 
10%. The statistic result is shown next: 
 
Figure 4.16 – Statistic analysis of the method’s error. Cell 3 is not shown as its 
error is in most of the cases zero. 
The average error due to the specific shape of characteristics is 
about 2000 C (2%). 
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 Error contributes 4.2.3
The main error components of this method when implemented on 
a dedicated hardware are two: 
1. The voltage measurement resolution (in the tested system the 
used Linear Technology multicell battery stack monitor 
guarantees good performances with its 1.5mV resolution 
within a module, but for different modules there is also the 
offset error to be considered, which could be not negligible). 
2. The sampling time: the memory available on the BMS 
hardware could not be enough to memorize all the points for 
each cell. It is useless to memorize too closed points if the 
resolution of this method is not less than 1% (tradeoff between 
resolution and resource utilization). 
 Qmax spreading and imbalance problem 4.3
The problem of the optimum pack utilization, which is due to the 
real cell capacities spreading and the imbalance situation, needs a 
2-step solution consisting in an accurate online SoC estimation, to 
estimate the residual imbalance and a balancing procedure to 
maximize the pack runtime. These two steps will be studied in 
next chapters. 
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5 SoC estimation 
In literature there is a wide amount of material dealing with the 
matter of SoC estimation for lithium-ion batteries, and 
specifically for LFP batteries. Estimating the state of charge is 
important to provide an approximation of the residual battery 
pack runtime to the user. Below there is a short introduction to 
the most popular methods [4,28]: 
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 Discharge method: the battery is fully discharged to know 
the initial charge; such measure needs a lot of time and the 
cell is not usable after a test. 
 Coulomb counting method: the current is integrated to 
measure the quantity of flowing charge. 
 Open circuit voltage measurement: as shown in chapter 3 
the OCV gives a univocal estimation of SoC, the drawback of 
this method is that a battery needs to relax few hours and 
that it has hysteretic phenomena that affect the final voltage 
value. 
 Model-based state of charge estimation: identifying every 
voltage component basing on the electrical model, it is 
possible to extract the OCV and then the SoC with no need to 
wait a relaxation time; batteries must be accurately 
characterized.  
 Neural network method: SoC is estimated through 
nonlinear mapping characteristics. It does not have to take in 
consideration batteries’ specific details, but needs a lot of 
computations as well as a big number of training samples. 
 Fuzzy logic method: developed on the basis of a great 
number of test curves, it also requires large computation 
capabilities. 
 AC-DC: evaluating the internal resistance and the batteries’ 
impedance could bring information on SoC; there are 
problems due to the resistance’s characteristics, which depend 
on many factors (is very little and varies not significantly with 
SoC, chapter 3). 
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 Mixed algorithm: more of the presented algorithms used 
together, with a weighted correction function (e.g. Kalman 
filtering). 
Obviously the simplest method to implement an online estimation 
of a battery SoC is the coulomb counting as it needs just to 
measure the load current (a current sensor is generally provided 
in a BMS) and integrate it. Unfortunately it has some intrinsic 
problems:  
 It cannot distinguish the initial state; 
 Integrating the current sensor offset leads to a big error in 
SoC estimation; 
 Calibrating the offset error does not guarantee an accurate 
charge measure, as for long integration times the offset 
drift is not negligible (there should not pass a long time 
between two calibrations). 
For these reasons a lot of SoC estimation algorithms have been 
proposed in literature.  
In this work the problem has been faced trying to develop a 
method that can be implemented in a practical BMS. This means 
that algorithms which require high computational resources, as 
well as a lot of preliminary cell characterization, need to be 
discarded. 
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 Coulomb counting and model-based feedback 5.1
A model based method to estimate a battery state of charge, as 
already said, consists in estimating all the voltage components to 
extract the OCV. This method needs that all the battery 
parameters estimated. As in LiFePO4 the OCV has a very flat 
behavior, a little error in parameters estimation turns into a big 
error in SoC estimation. Using just a model to estimate the SoC 
needs every parameter to be very precisely estimated, this is not 
simple as parameters are influenced by many factors. The first 
approach used in this work to estimate the SoC was an integrated 
method, based on coulomb counting and a model feedback to 
correct the output voltage [28]. From a practical point of view it is 
impossible to characterize all hundreds vehicle’s cells, or better it 
is not timely and economically efficient. That is why first 
simulations have been effectuated with a “constant parameters 
model”. Even if parameters at different SoC do not vary 
significantly for LiFePO4 batteries, there is a difference between 
parameters of different cells which is not considered (as shown in 
chapter 3). Three different tests have been executed and their 
measured voltage imported in the Simulink environment to 
feedback with the model estimated voltage [28]. 
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Figure 5.1 – Scheme of the Simulink system for estimating SoC. The OCV is 
extracted through a SoC-OCV look-up table. Rs,R1,R2,C1,C2 are the battery’s 
parameters to estimate the total voltage, Vmeas is the measured voltage  which 
is compared to the estimated one to feedback the system. 
Parameters have been set basing on the extracted ones, 
approximating their average value. 
Rs=0.8 mΩ 
R1=0.8 mΩ 
R2=0.9 mΩ 
C1=20000 F 
C2=300000 F 
The feedback gain is determined by the inverse of the 3 
resistances. The OCV-SoC reference is the lower OCV 
characteristic, as the hysteretic behavior is not considered if it is 
supposed that during normal utilization an EV is practically 
always on the lower hysteresis curve (this has been accepted 
SoCOCV 
RsI Vs 
R1C1 V1 
 
R2C2 V2 
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noticing the behavior of a normal UDDS utilization cycle, in 
which the maximum regenerative brake pushes into the batteries 
about 1 or 2% SoC, while moving from an hysteretic characteristic 
to another one needs about 15% of SoC [18, 21]). For hybrid 
vehicles this hypothesis is not valid anymore, and the hysteretic 
phenomena must be considered. 
The first simulation consists in a uniform stepped discharge 
(steps by 5% of SoC) alternated with pauses of 1 hour. The test 
has been effectuated on the 2nd cell the voltage and current values 
of which have been stored and then uploaded in MATLAB. The 
coulomb counting of the measured current has been taken as 
reference to compare the result of the simulated system in 
Simulink. This is the testing current profile: 
 
Figure 5.2 – Testing current profile. Current pulses of 3A for 1800 sec (5% SoC). 
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Figure 5.3 – Simulink estimated SoC compared to the real one (cell2). 
One can notice how this method corrects the initial SoC error and 
how the estimated SoC is similar to the real one near the sharp 
part of the OCV-SoC characteristic, but differs consistently for 
values of SoC corresponding to the flat part of the OCV-SoC 
curve. 
Another test was the constant discharge (load of 20 A). This time 
the cell under test was the 4th one: 
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Figure 5.4 – Simulink estimated SoC compared to the real one (cell4). 
Still is appreciable how during pauses the SoC tries to reach the 
real value, while when the current is not null the error of the 
model is significant. The last presented test is a continuous UDDS 
cycle simulation (cell 3 under test).  
 
Figure 5.5 – UDDS current profile (10 cycles). 
5 SoC estimation 
55 
 
 
Figure 5.6 – Simulink estimated SoC compared to the real one (cell 3). 
Again the SoC estimation is right near the initial and final parts, 
but in the central flat part of the OCV-SoC characteristic the 
error is no negligible (about 20-30%). Next is shown the model 
output voltage compared to the real one. 
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Figure 5.7 – Simulink estimated voltage compared to the real one. 
In conclusion, this SoC estimation method needing a full 
characterization of all batteries, including a temperature and an 
aging characterization, has been discarded, while it has been 
chosen to go through a more simple and practical way. 
 Coulomb counting and OCV correction 5.2
This method consists just in charge integration to find out the 
residual available charge. The correction is effectuated by the 
OCV value whenever possible (to correct the intrinsic error of the 
coulomb counting). As already said this technique is inaccurate 
for long times; the main error factors are: 
 Offset current (Ioffset ); 
 Offset drift; 
 Hall sensor’s gain error; 
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 BMS supply current (the board is powered by the battery 
module); 
 Batteries self-discharge; 
 Coulombic efficiency. 
A good evaluation of each error component could strongly improve 
the coulomb counting result. 
 Offset current and its drift 5.2.1
While the offset current is corrected at the beginning of a test, its 
drift is still present. The implemented system has been provided 
of a Boolean variable to determine if the load is or not connected 
and automatically cancel the offset of the current sensor. 
 
Figure 5.8 – Current with drift’s correction and not. 
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 Hall sensor  gain error   5.2.2
The current sensor gain error has been characterized using a high 
precision shunt resistor (serially connected to the battery). The 
shunt voltage is acquired through a high precision measurement 
device (Keithley 2440). Tests have been double logged using the 
BMS hall sensor (a commercial sensor, DHAB) as well as the 
resistive shunt to measure the right current and charge. 
Generating a sequence of different current values it was possible 
to check the current measurement error. 
 
Figure 5.9 – Shunt’s and hall’s measured currents. 
The evaluated error has been plotted, as well as the gain 
characteristic to check its behavior: 
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Figure 5.10 – Evaluated error vs imposed current. 
 
Figure 5.11 – Hall sensor’s gain error. 
In this graph it is appreciable how for discharge currents the gain 
error is almost null, while for charge currents it is not negligible. 
Under this hypothesis, the used hall sensor leads definitely to a 
Qmax overestimation of about 1% during charging cycles. This 
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overestimation causes an error estimating the SoC, as the 
integrated current is normalized with its battery capacity. 
 Supply current, self-discharge and coulombic efficiency  5.2.3
An accurate estimation of the BMS supply current has been 
carried out connecting in parallel of the module a voltage 
generator and measuring precisely its current. This current has 
been waited for a day until reaching its steady-state value. The 
measured value of about 19 - 20 mA is not an efficient value, as 
cells would lose within 1 and 2 % of charge in a day, and about 
50% per month. Even if the BMS under test is thought to be used 
in a low dissipation mode (supply current comparable to the self-
discharge rate of a battery), the provided µController dissipates a 
high current as its implemented firmware has still not been 
optimized for a low dissipating mode, but it just continuously 
attends some basic functions to communicate with a host control 
system (LabVIEW interface). 
The self-discharge rate has been estimated leaving batteries relax 
without any load for a month with a SoC of about 25% (in the 
sharp part of the OCV-SoC characteristic) so that the measured 
voltage decrease could be directly related to a SoC decrease. The 
measured voltage after a month has decreased similarly for all 
cells of about 2mV, which corresponds to a SoC decrease of about 
1%. 
The coulombic efficiency has been estimated measuring the 
charge during a repeated number of charge-discharge cycles. As 
appreciable in the plotted graph charge drifts down at each cycle 
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(charging currents are assumed negative and discharge currents 
positive).  
 
Figure 5.12 – Charge-discharge cycles. 
The coulombic efficiency is defined as the charge exploited during 
a discharging routine rated to the stored charge necessary to get 
the same initial state. 
  
          
       
  
The measure has been effectuated for a high number of cycles to 
get a more reliable estimation. The estimated value is about 500 
C per cycle, which means a coulombic efficiency of about 99.5%. 
 Coulomb counting normalization 5.2.4
The coulomb counting method consists in a normalization of the 
integrated current, but how to determine the normalizing Qmax? 
Q=88020 C 
Q=85160C 
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The exploitable charge depends generally by the load current 
[11,29]. For high discharge currents the battery runtime 
decreases, that is why it was thought to use a normalization 
variable which could dynamically change according to the load 
current. Also high charging currents determine lower pack’s 
runtime (as shown in chapter 3). To find out the best way to 
normalize the coulomb counting method a test has been 
effectuated, cycling a battery continuously with different charge 
and discharge currents. 
CYCLE CHARGE DISCHARGE 
1 30A78470C UDDS77670C 
2 30A77180C 20A76950C 
3 3A85840C 20A83390C 
4 3A85560C UDDS84380C 
Table 5.1 – Charge stored and exploited with different current rates (cell3).  
 
CYCLE CHARGE DISCHARGE 
1 3A98450C 20A96520C 
2 3A99130C UDDS97800C 
3 30A+pulses99350C UDDS98860C 
Table 5.2 – Charge stored and exploited with different current rates (cell2). 
Results show that independently of the load, the exploitable charge 
is always the stored one, thus seems that the exploitable charge is 
not limited by the discharging current (which is not true). This 
probably is due to the fact that while charging currents of 1 C are 
enough to determine a lower stored charge, discharging currents up 
to 1 C do not limit the discharging charge [11]. As shown on the 
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voltage graph, after each discharge, the relaxation final value is 
always about 2.9-3V, which corresponds to a final SoC of about 2% 
on the OCV-SoC characteristic (the final point is always the same; 
the CV discharge step is not provided).  
 
Figure 5.13 – Voltage during different load rate cycles. 
As a result in the system has been fixed as a normalizing factor 
simply the charge stored at the end of each full charging routine 
(not the real Qmax).   
 OCV correction 5.2.5
In the implemented system, the gain error, the supply current 
and the coulombic efficiency have just been estimated but not 
considered in the SoC estimation (as their value is not fixed but 
can vary). Moreover the normalization Qmax is estimated as shown 
in the 4th chapter thus its value is not absolutely accurate, thus 
the coulomb counting error (charge normalized on Qmax) depends 
V=2.95V 
V=2.966V 
V=3V 
V=2.998V 
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also on the Qmax estimation error. To correct errors due to the 
capacity estimation method and other previously presented 
effects, a SoC correction is realized on the OCV whenever 
possible. The correction is performed just under a SoC of 40% 
(under the flat part of the OCV-SoC characteristic) and just if the 
load is null and the voltage varies less than 5 mV per 1000 s 
(batteries relaxed for enough time). 
 
Figure 5.14 - OCV-SoC characteristic (lower hysteresis). 
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6 Balancing method  
 Introduction to imbalance 6.1
Cells imbalance in battery systems is a very important matter in 
batteries life [30]. Without any balancing system, the individual 
cell voltages drift apart over time. The capacity of the total pack 
decreases quickly during normal operation until failing the 
battery system. 
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Figure 6.1 – Balanced  and unbalanced situation. 
The cell imbalance falls into two major categories, due to internal 
and external sources. Internal sources include manufacturing 
capacity variance (Qmax spreading, due to the storage volume), 
internal impedance and self-discharge rate mismatch. External 
sources are mainly caused by management and protection circuits 
(BMS), which drain charge unequally from the different battery 
modules of the pack. There is also a thermal source of imbalance, 
as different temperatures across the pack result into different 
cells self-discharge rates. 
 Discarded imbalance estimation methods 6.2
During first steps of this project it was thought to implement a 
charge spreading estimation with the aim to equalize the cells at 
SoC of 100% (bringing them to storing the maximum charge).  
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 Linearization method 6.2.1
This method is based on the hypothesis that characteristics are 
linear or they have a final linear part. The further storable charge 
to reach Qmax after a charge cycle can be easily estimated 
measuring the angular coefficient V/Q: 
     
  
  
         
 
Figure 6.2 - Vcharge-Charge characteristics (C/10), and Q estimation. 
This solution has been directly discarded because of 
characteristics behavior, as they have a very large flat part (with 
a little sharpness, so that linearizing would bring to a big 
estimation error), and a very steep last part, which is extended 
just for a little SoC percentage (the error of this method is very 
dependent on the linearizing point). It is difficult to choose a 
linearization point, not just because of intrinsic characteristic’s 
V 
Q 
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behavior, but also because derivatives differ consistently from cell 
to cell. 
 
Figure 6.3 – Derivative dVcharge/dQ. 
 
 Open circuit voltage linearization 6.2.2
If the OCV-Q characteristics had a final linear behavior, one could 
estimate each cell storable charge after every charging routine, 
just leaving batteries relax for enough time and measuring their 
voltage difference. Tests led to the conclusion that there is no 
possibility to appreciate each cell storable charge, as open circuit 
characteristics have a flat behavior in the last upper part. 
Moreover relaxing time near a SoC of 100% grows up significantly 
and differently from cell to cell. 
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Figure 6.4 – OCV graph extracted with a dense final step. 
 
 Resistance measurement method 6.2.3
As the resistance has an incremental behavior in the last part of 
SoC it was thought to use its value to estimate the difference 
between the stored charges of each cell. Measuring the resistance 
is very simple as it represents just the immediate step of voltage 
due to a current step. Unfortunately the series resistance does not 
show a big increment, as it varies approximately from 1mΩ to 
1.5mΩ, and it significantly differs from cell to cell (chapter 3). 
There is another aspect to be considered, the resistance values 
change significantly with temperature and aging, and depend also 
on the mechanical contacts. 
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 Charge look-up table method 6.2.4
 
Figure 6.5 – Vcharge-Charge characteristics and Q estimation. 
Under the hypothesis that charging characteristics have a similar 
final part, one could find out Q by measuring V between the 
most charged cell and others. This method consists practically in 
a look up table that refreshes while charging. The drawback of 
this method is that it cannot distinguish characteristics’ 
differences due to their real Qmax values. 
 Implemented imbalance estimation method 6.3
A different approach to the problem of imbalance estimation has 
been used, based on the Qmax estimation method (chapter 4). The 
main purpose is to exploit always the maximum charge from the 
pack. 
Q 
  Q
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 Definition of balanced battery 6.3.1
Supposed that cells are identical (they all have the same 
capacity), the balancing state consists in the equalization of each 
cell stored charge, namely the maximum charge can be exploited 
from each cell and from the module. If we imagine cells like 
charge tanks, this definition can be appreciated through few 
images. 
 
Figure 6.6 – Balanced condition for identic cells. 
                                          
                               
An unbalanced condition corresponds to the impossibility to use 
all the stored charge of a module. One can imagine the imbalance 
condition as the one for which tanks shift vertically, and they 
have no possibility to range together from an empty to a full 
situation. 
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Figure 6.7 – Unalanced condition for identic cells. 
                                           
                              
If the real capacity is different from cell to cell (which corresponds 
to a real situation), the balanced and unbalanced condition can be 
defined a little differently: the balancing state corresponds to the 
possibility to exploit from all the pack the maximum charge, which 
corresponds to the minimum real capacity (Qmax).  Practically, 
charge and discharge are stopped by the same cell.  
 
Figure 6.8 – Balanced condition for not identical cells. 
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                                          
                              
Provided this definition is valid, one can define the unbalanced 
condition as the negation of the balanced one. There are 3 cases of 
unbalancing condition: 
 Charge stopped by the minimum capacity cell, and discharge 
by any other. 
 
 
Figure 6.9 – 1st imbalance case for not identic cells. 
 Discharge stopped by the cell with a minimum Qmax, and 
charge by any other. 
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Figure 6.10 – 2nd imbalance case for not identic cells. 
 Both discharge and charge are stopped by different cells from 
the minimum capacity one.  
 
 
Figure 6.11 – 3rd imbalance case for not identic cells. 
This definition introduces some balancing politics, as one can 
decide to begin or not a balancing routine depending on which cell 
stops charge and discharge. This could be important for many 
reasons, mainly: 
 To avoid the possibility to make a wrong estimation and to 
accidentally unbalance the batteries; 
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 To minimize the energy loss and useless steps, as the 
balancing method has a specific efficiency and time.  
The proposed definition is surely applicable to a pack which does 
not provide any active balancing system (delivering charge from 
cell to cell), or better which is not supposed to work dynamically 
(delivering charge during the normal pack utilization), otherwise 
topping up all the batteries is surely the best solution to increase 
the total available charge of the pack (and the runtime). 
 Imbalance estimation 6.3.2
Starting from the Qmax estimation method and basing on the 
proposed balancing definition it was decided to evaluate at the 
end of each charging routine the necessary Q to equalize all 
characteristics at their 50% of SoC (batteries reach their medium 
value of charge together). This value (50%) has been chosen just 
to better satisfy the definition and to keep as far as possible from 
an imbalance situation. 
 
Figure 6.12 – Best balanced situation. 
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As shown the upper and lower wasted capacities are equal for 
each cell. 
 
Figure 6.13 – All characteristics reach the SoC 50% together. Upper and lower 
wasted capacities are equal (cell1, cell2, cell3 and cell4 are switched 
comparing to the previous figure). 
Anyway, equalizing at 50% could be not the best choice of 
balancing, as working at lower SoC could improve the battery 
aging. However it can be possible to balance the cells at a specific 
percentage of SoC, not necessarily 50% (depending on cells 
characteristics and SoH). 
 Passive and active balancing modes 6.4
At the state of art there are 2 main methods to equalize a battery 
pack: through an active balancing method or a passive balancing 
method [30].  
 
 
SoC=50% 
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The passive balancing methods are the most straightforward 
equalization concept. They are based on removing the exceeding 
charge from the fully charged cells through a passive element (a 
resistor) until the available charge matches the one of the less 
charged cells in a pack.  
 
Figure 6.14 – Passive balancing: the final charge matches the least one. 
Obviously it is not a power efficient balancing system (practically 
it consists in wasting the exceeding energy), but it does not 
require too many hardware resources and it is easily 
implementable. Such balancing procedure needs to be carried out 
just once, possibly during or after a charging routine, so that the 
pack can be directly filled, and the wasted charge replaced. This 
balancing system is used in applications where the lost charge is 
negligible or there are not enough hardware resources. This is not 
an efficient approach and sometimes not applicable: e.g. 
considering a pack of 100 series cells to equalize the last of them, 
99 cells should dissipate their charging current, which means to 
dissipate, with a current of 1 A, about 300 W.  
Cell
1
Cell
2
Cell
3
Cell
4
C
h
a
r
g
e
 [
C
] 
Used
Capacity
Available
Capacity
Cell
1
Cell
2
Cell
3
Cell
4
C
h
a
r
g
e
 [
C
] 
Used
Capacity
Available
Capacity
balancing: Qfinal=min(Qinit) 
6 Balancing method 
78 
 
Active balancing methods consist in removing charge from 
higher energy cells and delivering it to lower energy cells.  
 
Figure 6.15 - Active balancing: the final charge is greater than the least one. 
It has different topologies according to the active element used for 
storing the energy, such as capacitors inductive components as 
well as controlling switches or converters. An active balancing 
system could lead to a continuous balancing step (dynamic 
balancing), during normal pack utilization, which could improve 
the actual pack capacity [31]: delivering charge from high capacity 
cells to low capacity cells, increases their runtime.   
 
Figure 6.16 – Dynamic balancing: the actual capacity of the minimum capacity 
cell increases with the charge received from other cells. 
Cell
1
Cell
2
Cell
3
Cell
4
Used
Capacity
Available
Capacity
Cell
1
Cell
2
Cell
3
Cell
4
Used
Capacity
Available
Capacity
 
 
 
 
 
 
 
 
Used charge 
Balancing charge 
Capacity  
increase 
balancing: Qfinal>min(Qinit) 
6 Balancing method 
79 
 
This is supposed to be applicable just if the active system has a 
high efficiency, else the balancing losses would be not negligible. 
There are also other politics of dynamic utilization, for example 
the pack could be used without a dynamic balancing and just in 
emergency cases require it to extend the pack runtime (the lower 
energy cells runtime). 
 Pack-to-cell and circular bus balancing 6.4.1
The balancing systems used in this work, which are already 
implemented in the developing BMS, are the pack-to-cell charge 
delivering system for intra-module balancing (balancing the cells 
within a module) and the circular bus balancing system for inter-
module balancing (balancing the charge stored in different 
modules). Both the systems are based on the next scheme. 
 
Figure 6.17 – The balancing system. 
DC/DC 
Switch 
Matrix 
+ 
- 
to upper modules 
to lower modules 
module 
6 Balancing method 
80 
 
An isolated DC/DC takes as input the module voltage and 
provides as output a constant current, which is addressed to the 
target cell through the switch matrix.  
The pack-to-cell intra-module balancing is realized delivering 
the balancing current of a module to one of its cells. As a result all 
the module cells are discharged uniformly during a balancing step 
with a low current and just one cell increases its charge level 
(with the DC/DC output current). If the module is made up of N 
cells, to recharge a cell of a Q quantity, they all lose a charge 
equal to Q/(Nη), where η is the DC/DC efficiency. 
 
Figure 6.18 – Pack-to-cell intra-module balancing charge variations. 
The circular bus inter-module balancing system is realized 
basing on the same scheme; the only difference is that the 
delivered charge is addressed by the switch matrix to the circular 
bus and then to an upper or a lower module (Figure 6.17). As a 
result, the cells of the module delivering the balancing current are 
uniformly discharged of Q/Nη, while only one cell of the target 
module is recharged of Q. 
 
 
 
 
 
 
 
 
Q Q/(Nη) 
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Figure 6.19 – Circular bus inter-module balancing charge variations. 
 An active balancing system used as passive 6.4.2
As the DC-DC efficiency is less than 1, an active balancing step 
leads to a charge loss. Now we try to compare the intra-module 
pack-to-cell balancing system to a simple passive balancing 
method (supposing η<1) to check the optimum strategy for 
balancing. The starting condition is the next shown: 
 
Figure 6.20 – Module’s starting condition. 
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A passive balancing gives a final charge equal to the lowest one, 
so that the total dissipated charge is: 
  
                                                           (      
     
   ∑(      
 
   
                                         (      
The implemented pack-to-cell balancing algorithm provides the 
next final charge (6.4.1): 
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To guarantee a better performance of an active balancing system 
instead of a passive balancing the final charge (6.3) should be 
greater than the minimum initial charge: 
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Analyzing the corner cases it is possible to conclude in which 
cases an active balancing is better than a passive and vice versa: 
 Q1 = Q2 = … = QN-1 < QN 
    
 
 
  
 Q1 < Q2 = … = QN-1 = QN 
    
   
 
  
N generic η<1/N PB 
1/N<η<(N-1)/N Depends on imbalance 
η >(N-1)/N AB 
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N=4 η<1/4 PB 
1/4<η< 3/4 Depends on imbalance 
η >3/4 AB 
Table 6.1 – Active or passive balancing advantage with different efficiencies.  
In the case of the implemented hardware system, as efficiency is 
about 0.7 and N=4 (module composed of 4 cells) an active 
balancing is not definitely better than a passive balancing, but it 
depends on the imbalance.  
Next the imbalance situation for which (fixed η<1) a balancing 
step brings the battery system to an advantageous situation 
(higher runtime) is analyzed. Fixing the system efficiency, there 
are different levels of imbalance which could or not lead to a 
better balancing result. 
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Figure 6.21 – Area that describes the imbalance for which an active balancing 
is better 
This graph shows the area in which Q1 and Qmean lead to an 
advantageous balancing result. One can appreciate how for high 
average charges (Qmean) the balancing step is recommended while 
for low average charges not. In conclusion this balancing system 
leads to a better situation than a passive system whether the 
starting state has a lot of charged cells. 
 Dynamic balancing 6.4.3
The dynamic balancing is used to improve the pack runtime, 
which is limited by the cell with the lowest capacity. Next the 
dynamic utilization of a pack-to-cell balancing system (as 
presented in the 2nd chapter) is studied.  
If balance means to equalize the final charges, the condition 
which guarantees a better result (a higher available charge at the 
end of a balancing routine) is   
     (    , the same as in the 
previous paragraph. If balance means to maximize the pack’s 
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autonomy, it does not matter to equalize all cells rather than to 
improve the minimum remaining charge. As shown in 6.4.1 a 
normal utilization of the pack-to-cell active balancing system 
gives as a result: 
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                                       (     
Generally if each balancing step is weighted with some x 
coefficients (each step is not completed, x<1), the final charge is: 
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Setting these final Q greater than the previous ones (to improve 
the final charge), the problem turns into a system of N-1 
inequalities and N-1 variables (x1 … xN-1). This system is solvable 
as a linear programming problem to maximize the minimum of all 
final charges. This problem has been solved in MATLAB for a 
module made up of 4 cells whose capacities have been randomly 
generated with a normal distribution the mean value of which is 
95000 C. The solving inequalities’ system gives many planes 
whose intersection volume includes all possible solutions: 
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Figure 6.22 – Planes whose intersected volume includes all the possible 
solutions. 
 
Figure 6.23 – The volume of all possible solutions. 
The final charge gain of this method (for a 4 cells module and a 
fixed efficiency of 0.7) is not very consistent differently from the 
time gain. 
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Figure 6.24 – Distribution of the final charge for normal and optimized 
dynamic balancing. 
The mean values of the 2 distributions are respectively 92782 C 
and 93234 C which correspond to a charge improvement of about 
500 C namely a pack autonomy improvement of 0.5%. The 
balancing time, which could be very important in a dynamic 
application, decreases significantly. 
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Figure 6.25 – Distribution of the balancing time for normal and optimized 
dynamic balancing. 
If a module is made up of many batteries, not just 4, the problem 
with such approach gets too complicated and impossible to 
implement in a BMS. There is a far better approach as in ref.  
[32]. The aim is to get always a better situation during a 
balancing step. In the beginning the cell with a lower charge is 
brought to the level of the second cell: 
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Figure 6.26 – First step: charging the most discharged cell  
To get a better situation after the first step it is necessary that 
the stored charge in the first cell is more than the exploited one.  
  
 
  
       
 
 
  
The second step consists in bringing the first 2 cells to the same 
level of the third one: 
 
Figure 6.27 – Second step: the two most discharged cells are recharged 
together in time sharing 
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This time the condition which guarantees to reach a better 
situation is:  
 
 
 
 
  
       
 
 
  
Practically the ith step is executed if      . This approach gives 
the same result as the first one presented, with the same final 
charge gain and time distribution. 
 Inter-module balancing optimization 6.5
The balancing of many modules has a lot of degrees of freedom 
and this is why the problem has many variables. Our system is 
based on a circular bus inter-module balancing (2.1). The simplest 
way but actually not the best to balance a whole battery pack 
with this system, is to balance each single module at first and 
then deliver charge uniformly from more charged modules to 
others. This method surely worsen the efficiency of the intra-
module balancing, as it needs all modules to complete 
independently their balancing and then them to balance each 
other. To better evaluate the result of this technique, the 
theoretical limit of a circular bus balancing method has been 
studied. 
 Theoretical limit 6.5.1
Let us consider a string of modules as a matrix:  
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Each element Qij represents the initial charge of a cell. Modules 
are organized in rows, where the first element corresponds to the 
most charged cell of each module. All modules are ordered basing 
on their most charged cell: the first element of the first row is the 
highest while the first element of the last row is the lowest of the 
most charged cells. The final Qend value is figured out through an 
iterative method. The method consists in fixing an arbitrary Qend 
value (between the highest and the lowest charge values), and 
then evaluating the exceeding (the exploitable charge from most 
charged cells) and the missing charge (the necessary charge that 
must be added to lower cells to bring them to the final value). 
Setting their value (missing and exceeding charge) to be equal 
brings to the determination of the final Qend. The exceeding 
charge available in the matrix is the exploitable charge to bring 
each module’s maximum cell to the Qend value. Each module is 
discharged uniformly, so bringing the maximum cells to the final 
value means to extract the same charge from M cells: 
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As the delivered charge from a pack passes through a DC/DC with 
a specific efficiency, the actual exceeding charge is multiplied for 
the DC/DC efficiency: 
             ∑ (         
 
     
                             (     
The missing charge, to add to all cells to reach Qend is divided into 
2 components: 
 The first component is determined by the quantity of charge 
to deliver to all modules whose most charged cell is lower than 
Qend: 
∑(         
 
   
                            ∑   
 
   
  
 The second component is the one that must be added to the 
modules that have been discharged to bring its first cell to the 
final value (modules’ cells are discharged uniformly). 
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The total missing charge is: 
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To validate the fixed Qend, the exceeding charge and the missing 
one must be equal: 
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In this way the optimum final value of Qend is univocally 
determined. An energy dissipation analysis of the theoretic limit 
compared to the first implemented inter-module balancing has 
been effectuated: 
 
Figure 6.28 – Dissipated energy’s distribution of the normal circular bus 
method (intra-module balancing at first and then inter-module balancing) and 
the theoretic limit. The random values of Q have been generated with an 
average of 95000 C and a standard deviation of 4000 C (5σ=20000 C). The 
average dissipated energy decreases of about 20%. 
As shown the theoretical limit strongly improves the performance 
of an inter-module balancing routine. 
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 Developed inter-module balancing strategy 6.5.2
The approach used to improve the inter-module balancing, and 
getting closer to the theoretic limit, is based on the idea to use the 
inter-module delivered charge to get each module closer to its 
balanced condition. The problem has been organized in the 
following way. 
The delivered charge to each module (DQi) is divided in N-1 
components, coming from the other modules (DQik). This delivered 
charge is distributed within a module in different rates (xij) for 
each cell. In the beginning let us consider that maximum charged 
cells of each module do not need to be charged. 
 Qij represents the charge of the jth cell of the ith module; 
 DQik is the charge delivered to the module ith from the kth 
module, DQi = ΣkDQik; 
 xij are the rates of  the charge coming to the ith module (DQi), 
to be delivered to the jth cell. Their sum must be equal to 1 
(Σjxij =1). Now xiM (the weights of the most charged cells of 
each module) are considered null. 
After a first step when charge is delivered from module to module 
the new charge values are: 
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Supposed that at the end of the first step the most charged cell of 
a module does not switch but is still the same, the final charge 
can be extracted through the intra-module formula: 
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Setting all Qijf to be equivalent, the final equalized charge is: 
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The last component of this sum is null as the total charge moved 
within all modules must be zero. Finally: 
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There are 2 important considerations on this result: 
 This value is equivalent to the average of all charges at the 
end of an initial intra-module balancing realized 
independently for each module. When this result is valid the 
inter-module balancing comes for free, dissipating just the 
energy needed to balance each module. As it is appreciable the 
final result doesn’t depend on how the charge within a module 
is distributed, the only hypothesis is that the cell with a 
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higher charge within a module is always the same as at the 
beginning. 
 This result matches the optimum Qend (6.10) value whenever 
all modules maximum cells are greater than Qend (L=0).  
To achieve a result which is always valid the problem has been 
modified a little bit: if the maximum cell of a module has less 
charge than the final optimum Qend it must be recharged at least 
till the Qend value (xiM ≠ 0): for modules which have QiM>Qend 
formulas do not change, while for modules whose QiM<Qend they 
change a little bit: 
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Setting all Qijf to be equivalent, the final equalized charge is: 
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This result shows how the final Q is less or equal to the average of 
the charges after an independent intra-module balancing. 
Considering the fact that an optimum balancing system should 
not move charge in 2 directions, and considering also the fact that 
modules whose maximum cell is lower than Qend need surely to 
receive a charge to bring their level at Qend, it is likely that in the 
optimum case these modules are directly balanced through the 
inter-module balancing step. In such case for these modules: 
              
    
        
        
  
In MATLAB has been demonstrated how the final Q measured 
with these formulas matches perfectly the optimum theoretical Q.  
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 Analysis of balancing spreading due to voltage variations 6.5.3
In the studied balancing system the batteries’ voltages have been 
assumed constant so that the rate of the IN voltage and the OUT 
voltage of the active component (DC/DC) has been assumed 
constant equal to the number of module cells (M). In a real 
situation this condition is not verified, as batteries during charge 
or discharge change their voltage. Contributes of the real voltage 
value are those of the cell model: 
 Series resistance; 
 First and second RC parallel; 
 OCV variation due to SoC variation; 
 Hysteresis component from charge to discharge and vice 
versa. 
To study this effect and how it influences the final charge 
spreading, a Simulink model for all the pack has been realized. 
The simulation has been effectuated on a pack made up of 4 
modules each with 4 cells. The cell model is: 
6 Balancing method 
99 
 
 
Figure 6.29 – Simulink cell model. 
The 5 voltage components are easily identifiable. The resistances 
and capacities values have been chosen near a SoC of 100% to 
better match the behavior of such system at the end of a charging 
routine. The OCV has been chosen between the lower and upper 
hysteretic characteristic, while the movement through the 2 
hysteretic curves has been modeled with another RC parallel: as 
moving from 1 characteristic to another requires about 15% of 
SoC [18,21], during charges (positive currents of 1.5A) it has been 
chosen a resistance of about 3.33mA so that total voltage added is 
5mV, while during discharges (negative currents of about 0.5 A) 
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the resistance is about 10mV. The capacity has been chosen in 
order to match the time to move from the lower to the upper 
characteristic with a SoC variation of about 15%.  
The module model is: 
 
Figure 6.30 – Simulink module model. 
As appreciable the IN voltage and OUT voltage of a DC/DC are 
used as input for the DC/DC model while the IN current is 
obtained as output. The pack model is: 
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Figure 6.31 – Simulink pack model. 
To simulate this system of 4 modules made up of 4 cells, 16 initial 
charge values have been randomly generated with a mean value 
of 95000 C and a standard deviation of 4000 C. The simulated 
voltage behavior of a module is shown in the next graph. 
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Figure 6.32 – Simulated voltages during balancing steps. 
The first peaks correspond to the inter-module balancing step. 
The next 3 negative crests correspond to the moment when a 
module delivers charge to other modules. The last steps represent 
the intra-module balancing. One can notice, plotting the real 
balancing voltages, how the simulated voltages and time values 
are consistent with the real ones. 
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Figure 6.33 – Measured voltages during intra-module balancing tests. 
The final residual imbalance of about 20 C due to the voltages 
variations is negligible. 
 
Figure 6.34 – Simulated charge during balancing steps, from an imbalanced 
initial situation to a balanced final state. 
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7 Final tests and state of art comparison 
This last chapter summarizes the result of a complete test of the 
implemented system, explaining also the characteristics of the 
BMS under test and the testing setup itself. After that it will 
focus on the innovative part of this work, comparing it with the 
state of art, mainly about balancing definition, capacity 
estimation in series connected battery systems and balancing 
strategies. 
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 Final tests 7.1
Final tests have been performed on a module of 4 batteries, whose 
BMS represents, according to chapter 2, the module monitoring 
unit (MMU) of a larger system. As the tested system was made up 
just of one module, the board represents the master of this 
system. 
 
Figure 7.1 – BMS board. 
A microcontroller (NXP LPC1754) guarantees the safety function 
and sends to the host the batteries measured parameters 
(voltages, temperatures, current), while all other functions 
(logging and interfacing) are guaranteed by a LabVIEW interface. 
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Switch 
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Figure 7.2 – LabVIEW control panel; voltages, current and temperatures 
measures. 
 
 
Figure 7.3 – Screenshot of the LabVIEW OCV-Q characteristic, used to update 
the SoC basing on the OCV. 
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Figure 7.4 – Charging characteristics imported in LabVIEW. 
The testing setup includes a current generator (QPX1200SP), a 
load (LD300) and a protection circuit. All devices operate in 
remote mode controlled by the LabVIEW environment, in which 
are also implemented the capacity, SoC and imbalance estimation 
methods presented in previous chapters. If the LabVIEW 
environment crashed the micro recognizes an error situation and 
opens the protection circuit. 
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Figure 7.5 – Testing setup. 
The test consists in cycling the battery pack, simulating a normal 
utilization. The starting condition is unknown. 
 
Figure 7.6 – Running the system starting from an unknown state. 
Load 
Host 
PC 
Current 
supply 
Batteries 
BMS 
Protection 
Balancing Qmax 
OCV 
correction 
7 Final tests and state of art comparison 
109 
 
As shown, starting from a high imbalance situation, it is needed 
just one step of balancing to get the same cell varying from the 
lower to the higher cut-off point, and guarantee the maximum 
exploitable charge. 
 
Figure 7.7 – Absolute charge. The stored charge increases significantly after 
the first balancing step. 
It is important to verify also the repeatability of the Qmax 
estimation as well as of the imbalance estimation, that is why 
batteries have been cycled continuously, to check the imbalance 
and capacity estimation each cycle. 
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Figure 7.8 – Iterating the test (discharge-charge-balance). 
As shown iterating the balancing procedure, it lasts less and less 
(less charge to balance) meaning that the imbalance estimation 
after each balancing step is always less.  
Iteration Qmax1 Qmax2 Qmax3 Qmax4 Qbal1 Qbal2 Qbal3 Qbal4 
1 90183 85227 76491 86920 0 469 688 1213 
Balancing 
2 88887  84991  76261  86338 576 361 460 0 
Balancing 
3 89347  84006  76102  85483 0 1171 1460 1126 
4 89830 85921 76632 87255 0 116 67 45 
5 88274 84678 75692 85676 0 600 666 354 
Table 7.7.1 – Iterated result on the Qmax and imbalance estimation. 
The Qmax and imbalance estimation seem to be repeatable over 
time and iteration (with a variation of about 1%). 
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The final step on the SoC value of about 2-3% (when updated 
through the OCV) is constantly repeated. This is probably due to 
 the coulombic efficiency (affected also by temperature and 
aging) and the BMS supply current which are not 
considered; 
 the Qmax estimation error influenced by the intrinsic error 
of the method and the hall sensor error (the gain error may 
lead to overestimate the Qmax).     
 Comparison with the state of art 7.2
There are 3 important aspects of this work that can be mapped in 
the modern literature and compared to last articles. They are the 
balancing definition proposed, the capacity estimation method for 
series batteries and the optimization of the inter-module 
balancing through circular bus. 
 Balancing definition 7.2.1
The most used approaches in literature to the balancing problem 
consist in equalizing the cells on the basis of SoC uniformity [31-
38], without specifying any equalizing point, or equalizing the 
absolute charge at the end of each charging routine. As also 
affirmed in [4,39] the balancing state is the one that guarantees 
the maximum depth of discharge (minimum capacity cell ranging 
from the low to the high cut-off, as in this work) but balancing the 
whole pack in order that cells’ SoC-s match at the 50% value, to 
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keep as far as possible from an imbalance situation, seems to be a 
new approach.  
 Qmax estimation  7.2.2
As [39] and [40] affirm, estimating each in-pack cell SoC could be 
complicated and difficult because of the impossibility for all the 
cells to range from the lower to the higher cut-off voltage. 
Furthermore LiFePO4 charge characteristics have a very flat 
behavior, so that estimating charge differences through voltage 
differences is more difficult than in other types of battery.  
Zhong et al. [39] overcome this problem proposing a pack SoC 
definition based just on the most charged and discharged cells. 
However estimating the real cells capacity is very important to 
evaluate their SoH and their available service life, as well as to 
give an accurate SoC for all cells (more accurate vehicle 
autonomy).  
In ref [41] a method for estimating all capacities of any battery 
pack (independently of its topology, series or parallel) based on 
SoC estimation is proposed, but it needs well-trained cell dynamic 
model for individual cells to work properly. 
Another document [42] shows capacity estimation through the 
identification of 2 known SoC points (as the basic idea of this 
work), in which SoC is determined through the OCV; it does not 
consider the problems due to high relaxation times at the end of a 
charging routine. 
In literature there is another approach very similar to the 
proposed method for capacity estimation [24]. In that paper the 
capacity extraction is carried out through an analytical 
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transformation of the Vcharge-Q characteristics. However the 
article concludes that the charging curves must be achieved 
independently and completely. The innovative part of the 
proposed method is probably the fact that there is no need to 
extract the complete curves, and that the initial condition can be 
any (balanced, imbalanced, total discharged or partially 
discharged). Another difference consists in equalizing the Vcharge-
SoC characteristics at a specified SoC (50%), while in [24] it is not 
specified the point where to extract the vertical shift but it is even 
ignored. Our Qmax estimation system has been realized on a batch 
of curves with a big capacity spreading, and tested during at least 
a month of daily operation, under different environment 
conditions, but to definitely validate it, it should be applied to a 
high number of modules, and tested in different environment 
conditions. 
 Inter-module balancing optimization of a circular bus balancing 7.2.3
system 
In literature there is a lot of material dealing with the balancing 
system and comparing different balancing systems but there is 
almost no reference to the inter-module balancing optimization. 
In this work the circular bus inter-module balancing system has 
been totally characterized and optimized, identifying the 
theoretical balancing limit and reaching it through defined 
formulas. As shown in the previous chapter the energy save is not 
negligible. 
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Conclusion 
In this work a method for the management of a series connected 
LiFePO4 battery pack has been proposed, with the aim of solving 
the charge imbalance problem. The best balancing method to 
improve the pack runtime and to ensure the best working 
condition has been studied. To achieve these results a new 
balancing definition that considers also the cell capacity 
spreading has been proposed. Its aim is to guarantee that cells 
work in the optimum balanced state and that the maximum 
exploitable charge is limited only by the lowest cell capacity. As a 
result the balancing is carried out so that the SoCs of all the cells 
match at the 50% level. This newly introduced balancing method 
has led to the development of a capacity estimation algorithm, 
based on the charging characteristics to obtain an accurate SoC. 
At the end, the intra-module pack-to-cell balancing and the inter-
module circular bus balancing algorithms have been optimized to 
achieve the best balancing performance. The estimation and 
balancing algorithms have been implemented in a LabVIEW 
environment and experimentally verified on a module of 4 
LiFePO4 batteries. 
The next step towards the validation of this work is the 
implementation on a dedicated hardware platform and its test on 
a real off-road EV application. 
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